Uniform Mixing of High-T c Superconductivity and Antiferromagnetism on a Single 
Cu0 2 Plane in Hg-based Five-layered Cuprate 
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We report a site selective Cu-NMR study on under-doped Hg-based five-layered high-T c cuprate 
HgBa2Ca4Cu50i2+i with a T c —72 K. Antiferromagnetism (AF) has been found to take place at 
Tn=290 K, exhibiting a large antiferromagnetic moment of 0.67-0.69/^b at three inner planes (IP's). 
This value is comparable to the values reported for non-doped cuprates, suggesting that the IP 
may be in a nearly non-doped regime. Most surprisingly, the AF order is also detected with 
A/af(OP)=0.1^b even at two outer planes (OP's) that are responsible for the onset of supercon- 
ductivity (SC). The high-Tc SC at T c = 72 K can uniformly coexist on a microscopic level with the 
AF at OP's. This is the first microscopic evidence for the uniform mixed phase of AF and SC on a 
single CUO2 plane in a simple environment without any vortex lattice and /or stripe order. 



A remarkable aspect of high-T c superconductivity 
(HTSC) is that there are many indications that their 
unique characteristics result from the competition be- 
tween more than one type of order parameter. A possible 
coexistence of antiferromagnetism (AF) and HTSC is one 
of the remaining interesting problem in high-T c cuprates. 
Although AF and HTSC are intimately related in high- 
Tc cuprates 00&&I1IE00, some HTSC compounds 
show AF/SC mixed phase, while others show microscopic 
separation between these two phases. Evidence for the 
AF/SC mixed phase exists in the excess oxygen doped 
La2Cu04+j, materials. Neutron scattering measurement 
detects the onset of the AF or spin-density-wave orders 
at the same temperature as the T C Q. On the other- 
hand, microscopic probes such as STM revealed inhomo- 
geneities of local electronic state and SC characteristics 
in nano-scale |icj . Therefore, depending on material de- 
tails, some HTSC compounds show AF/SC mixed phase, 
while others show microscopic separation between these 
two phases. Since such different physical effects can be 
obtained in materials that are so similar, it is still unclear 
if two phases coexist uniformly in these materials. 

Multilayered HTSC offers a naturally prepared het- 
erostructure of AF planes and SC planes, which is a 
unique laboratory to investigate such underlying issue. 
Evidence for the coexistent phase of SC and AF in a 
unit cell has also been obtained recently in the five- 
layered HTSC HgBa 2 Ca4Cu50i 2+< 5(Hg-1245(OPT)) by 
Kotegawa et al |ll|(FiguTc)). The series of multilay- 
ered HTSC include two types of Cu0 2 planes, an outer 
Cu0 2 plane (OP) in a pyramidal coordination and an 
inner plane (IP) in a square one with no apical oxygen, 
as shown in Fig^a) . A site selective Cu-NMR study en- 
ables us to unravel the layer-dependent electronic charac- 
ters microscopically as follows [lllli^; (1) The flat Cu0 2 
layers are homogeneously doped, ensured by the narrow- 
est NMR line-width among the previous examples with 
very high quality to date, (2) Hole density distributes 



with a larger doping level at OP than at IP. Its charge im- 
balance increases as either a total carrier content and/or 
number of Cu0 2 layers increase, (3) The study on Hg- 
1245(OPT) has revealed that the optimally doped two 
OP's are predominantly superconducting with T c = 108 
K, whereas the under-doped three IP's show the AF at 
Xn = 60 K, indicating the AF/SC mixed phase in a unit 
cell (see Fig^c)). Theoretical approach to the coexis- 
tent phase of SC and AF was proposed recently by Mori 
and Maekawa that Josephson coupling between the SC 
planes through the AF plane leads to the coexistence of 
both phases with a rather high T c value However, 
no mixing of SC and AF was reported in the heterostruc- 
tures artificially grown by stacking integer numbers of 
layers of superconducting Lai .sRSrn.inCu04 and antifer- 
romagnetic insulator La 2 Cu04 This type of AF/SC 
proximity effect was not observed in the artificially grown 
layer structures. 

In this letter, we report systematic Cu-NMR studies 
on five-layered cuprates from under-doped Hg-1245(UD) 
to slightly overdoped Tl-1245(OVD), and compare with 
optimally-doped Hg-1245(OPT) in Ref.HH. 

Polycrystallinc samples of Hg-1245 were prepared by 
the high-pressure synthesis technique as described else- 
where 15]. In order to reduce the carrier density, the 
as-prepared sample of Hg-1245 was annealed in Ar gas 
atmosphere for 280 hours. Figure[3shows the DC suscep- 
tibility measurement on Hg-1245(UD) after annealing, 
together with that of as-prepared one, optimally doped 
Hg-1245 (Hg-1245(OPT)) [lj]. The T c for the former 
is determined to be 72 K from a very sharp and single 
transition, indicating the successful removal of the ex- 
cess oxygen uniformly from charge-reservoir layers. This 
evidences that the superconducting volume fraction is 
kept similar for both compounds. Figure ^a) indicates 
the crystal structure of Hg-(T1-)1245 including five Cu0 2 
layers (two pyramidal OP's and three square IP's). Note 
that IP* is the middle plane of three IP's. 
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FIG. 1: (a): Crystal structure of Hg-based five-layered 
cuprates. Illustration of physical properties at each layer 
for (b) Hg-1245(UD), (c) Hg-1245(OPT)[IH and (d) Tl- 
1245(OVD). Here the AF moments(MAF) are in the basal 
plane with an AF vector (ir/a, 7r/a)[lg. 
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FIG. 2: DC susceptibility for Hg-1245(UD) after annealing 
and as-prepared Hg-1245(OPT)[ll]. T c is determined to be 
72 K by a very sharp and single transition, indicating the suc- 
cessful removal of the excess oxygen uniformly from charge- 
reservoir. It was ensured by the similar superconducting vol- 
ume fraction for both compounds. 



The nuclear Hamiltonian is described in terms of the 
Zeeman interaction TLz = — 7n?iH ■ I and the nuclear 
quadrupole interaction Hq = e 2 qQ /4I(2I-1)(3I 2 -I(I+ 
1)), where 7n is the nuclear gyromagnetic ratio of Cu and 
3e 2 qQ /2I(2I — 1) = hvQ is the nuclear quadrupole fre- 



quency. Figure [3] shows the zero-field NMR spectrum 
at 1.6 K for Hg-1245(UD), together with that for Hg- 
1245(OPT) in the lower panel |XlJ . Two resonance peaks 
from 140 to 180 MHz arise from two isotopes 63 Cu and 
65 Cu with slightly different nuclear gyromagnetic ratio 
63 ' 65 7n at each site. This is the case for Hz S> Hq. 
These spectra for Hg-1245(UD) allow to estimate the 
respective internal fields to be 7?i nt (IP)= 13.8 T and 
H int {lP*) = 14.2 T at IP and IP* by fitting the spec- 
tra with the intensity ratio for two isotopes at IP and 
IP*. By using the hyperfine-coupling constant to be 
ifhf(IP) = -20.7 T//i B .17], the AF ordered moments 
M A f at IP and IP* are estimated to be 0.67 and 0.69 
Hb, respectively. Note that these values are almost com- 
parable to the respective Maf=0.50 and 0.64 /ie in the 
non-doped La 2 Cu0 4 [3 andYBa 2 Cu 3 6 19]. From the 
/iSR measurement, the AF has been found to take place 
at T N = 290 K 20] that is also comparable to T N = 325 K 
and 415 K re por ted in the non-doped La2Cu04 ^| and 
YBa 2 Cu306 [ijj, respectively. These values are larger 
than M AF (IP)=0.30 fi B , M AF (IP*)=0.37 fi B and Tn= 60 
K for Hg-1245(OPT) which is in the metallic AF regime 
[TT| . It is hence likely for the IP and the IP* in Hg- 
1245(UD) to be in a non-doped AF regime. On the other 
hand, from the spectra in Fig|3fc), M af(IP's)=0.1mb is 
estimated for Tl-1245(OVD) with T N ~45K[llj, suggest- 
ing that the hole density at IP's is located near a critical 
value above which AF collapses as discussed later. 

Most surprisingly, the zero-field NMR spectrum at 
OP for Hg-1245(UD) was observed over a broad fre- 
quency range 20^40 MHz that is about twice larger than 
the Cu-NQR frequency Q (OP) = 16 MHz) observed for 
the case of paramagnetic OP in Tl-1245(OVD) and Hg- 
1245(OPT) (shown by the broken line in Fig©. The ob- 
served broad spectrum was reproduced by an internal 
field of about -ffi n t(OP)=2.4 T with a fixed parameter 
of v Q (OY)=l& Mllzd.7]. as indicated in FigEU This in- 
ternal field is larger than not only the calculated dipolc 
field(^70 Oe) but also 0.54 T for the case of proxim- 
ity effect at the OP from AF ordered IP|H|. A size of 
ordered moment Maf(OP)= O.I^b is estimated using 
the relation of H hi (OP)= -26 T/^ B for the OP for Hg- 
1245(UD) 17]. The distribution of Maf is illustrated in 
Figd The # int (OP)=2.4 T at OP's is about five times 
larger than ff int (OP)=0.5 T for Hg-1245(OPT), while 
Maf(IP)^ 0.67/zb is about twice larger than Maf(IP)^ 
0.3/xb for Hg-1245(OPT). Therefore, it is concluded that 
H int (OP)=2.4 T at the OP's for Hg-1245(UD) is not 
only transferred from Maf(IP), but also AF order man- 
ifests itself in the OP at low temperatures. When not- 
ing that no NMR signal was observed in the vicinity of 
^q(OP)=16 MHz that would be expected for the para- 
magnetic OP, a possibility of phase separation into para- 
magnetic SC domains and AF domains is experimentally 
excluded. Instead, all of the Cu sites at OP are micro- 
scopically demonstrated to undergo a uniform AF order 
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with about Maf(OP)^ 0.1/iB- This is the first micro- 
scopic evidence for the uniform mixed phase of AF and 
SC on a single CuC>2 plane (OP ) in a simple environment 
without any vortex lattice [2l| and/or stripe order |22|. 

We consider that a nearly perfect flatness of CuC-2 
planes is a key for the first observation of uniform mixed 
state of AF and SC in the cuprates. In mono- and bi- 
layered cuprates, the phase separation has been found 
by microscopic probes due to inhomogeneity of the elec- 
tronic state at Cu02 plane 0,H^|, because the buckling 
of CuC>2 planes may be inevitable owing to doping holes 
for LSCO, for instance. On the other hand, the Cu02 
layers in the multilayered cuprates are not directly af- 
fected by some disorder effect introduced into the charge 
reservoir layers through the carrier doping process. The 
flatness is guaranteed by the narrowest Cu-NMR line- 
width about 50 Oe (150 Oe) for the IP (OP) in the poly- 
crystalline of Hg-based systems . 
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FIG. 3: Zero-field NMR spectra at 1.6 K for (a) Hg-1245(UD), 
(b) Hg-1245(OPT)[T3] and (c) Tl-1245(OVD). The resonance 
spectrum from 140 to 180 MHz arises from IP's and IP*, 
and the broad spectrum at 20~40MHz arises from OP. Solid 
and broken arrows show the signals from two isotopes 63 Cu 
and 65 Cu respectively. The solid line indicates the calculated 
spectrum using the parameters in this text. 



the boundary between AF insulating (AFI) phase and 
SC [13 • This differs from the case of LSCO where the 
disorder-driven magnetic phases exist between the AFI 
phase in N h < 0.02 and the SC phase in N h > 0.05. It 
is noted that the AF for IP is extended to a higher hole 
density due to the flatness of Cu02 plane with no apical 
oxygen and the homogeneous distribution of carrier den- 
sity. By contrast, the prototype phase diagrams reported 
thus far are under the inevitable disorder effect associated 
with the chemical substitution introduced into the Cu02 
out-of-planes. Here the hole densities in the underdoped 
region (Nh <0.13) are determined by using the relative 
hole density suggested from Knight shift and T\ measure- 
ments. For example, N h at the IP's for Tl-1245(OVD) 
is slightly larger than that for Hg-1245(OPT). As for the 
OP in Hg-1245(UD), Nh may be compatible with that 
at the IP's of Tl-1245(OVD) because the size of M AF is 
the same for both. It is this global phase diagram to 
make us convince the presence of the AF/SC uniformly 
mixed phase at OP of Hg-1245(UD), where Maf=0.1/ib 
and T c =72 K. The OP of Hg-1245(UD) and IP's of Tl- 
1245(OVD) might be located just on a region where AF 
and SC confront with each other. 




We here address a novel phase diagram in Fig. 01b) 
that is derived from the systematic Cu-NMR studies on 
the Hg-, Tl- and Cu-based five-layered HTSC via using 
the local hole density at OP and IP [25|. This phase dia- 
gram differs from the global phase diagram of the HTSC 
reported so far, for instance, such as LSCO. It should be 
noted that the nearly non-doped AF in IP and IP* takes 
place, whereas inhomogeneous magnetic phases such as 
spin-glass phase or stripe phase are not observed at both 
IP's and OP's. Instead, the presence of the doped AF 
metallic (AFM) phase at IP and IP* is remarkable at 



FIG. 4: (b) A phase diagram derived from the physical prop- 
erties at the IP and the OP for various five-layered HTSC. 
Here we denote AF insulator and metal phase as AFI and 
AFM. T* is a pseudogap temperature deduced from a de- 
crease of 1/TiT at the OP for Hg-1245(OPT). The panel (a) 
shows the variation in size of AF ordered moment Maf as 
the function of hole density. Since the hole density of under- 
doped region indicated by gray line could not be determined 
precisely, we plot by using the relative hole density as de- 
scribed in text [2^]. 

Unexpectedly in Hg-1245(UD), it has been revealed 
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that the nearly non-doped AF IP's and the AF/SC 
uniformly mixed OP's are alternatively stacked as 
( AF+HTSC)/ AF/ (AF+HTSC) along the c-axis, as 
shown in Fig^b). The Tn for AF may be determined 
through the interlayer magnetic coupling. Although the 
AF order for IP's occurs below Tn = 290 K, Tn inherent 
to the OP is not known because the Tn of this com- 
pound is dominated by the interlayer magnetic coupling 
between the nearly non-doped AF IP's and the AF/SC 
mixed OP's. Surprisingly this interlayer magnetic cou- 
pling does not prevent the onset of SC with the high 
value of T c =72 K, even though the SC uniformly coex- 
isting with the AF is significantly separated over more 
than 10A by three nearly non-doped AF IP's below Tn 
= 290 K. It remains a mystery why it keeps a high-T c 
value. According to the theoretical studies on multilay- 
ered cuprates 0,0] , the T c for SC may be determined 
through the quantum tunneling of Cooper pairs between 
the layers. The fact that HTSC can keep a high value of 
T c even in the mixed state with AF on the same Cu02 
plane suggests that HTSC and AF phases are nearly de- 
generate and that the mechanism of SC is magnetic in ori- 
gin. An explanation for the uniform mixing of AF and SC 
phases at OP is relevant with the theoretical prediction 
based on the SO (5) model 0,0, that is, the correlation 
length for the superconducting proximity effect across an 
AF should be very long, and hence supercurrent should 
flow through the naturally prepared thick heterostruc- 
ture of (AF+HTSC)/ AF / (AF+HTSC) in the present 
multilayered systems. Thus as long as HTSC and AF 
phases are nearly degenerate, the proximity effect ought 
to be strong. 

In conclusion, we have found that the under-doped Hg- 
1245 has the nearly non-doped three IP's with Tn = 290 
K and AfAF(IP)~0.67-0.69/XB and the superconducting 
two OP's with T c = 72 K. The AF order was also de- 
tected with Maf(OP)=0.1^b even at the OP that are 
responsible for the onset of SC. This finding provides the 
first microscopic evidence for the uniform mixing of AF 
and SC at a single Cu02 plane in HTSC. Although the 
AF/SC mixed Cu02 planes are significantly separated by 
three non-doped AF layers, the onset of AF does not pre- 
vent the occurrence of SC with the high value of T c = 72 
K. In a large class of materials including HTSC, organic 
and heavy-fermion superconductors, AF and SC occur 
in close proximity to each other. A genuine uniform 
mixed phase of AF and SC has been observed in the 
pressure versus temperature phase diagrams in several 
heavy-fermion systems [27], |2a |29j . The present results 
give a hint to gain insight into a mechanism in strongly 
correlated superconductivity in general. 
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